Human telomerase, the reverse transcriptase which extends the life span of a cell by adding telomeric repeats to chromosome ends, is expressed in most cancer cells but not in the majority of normal somatic cells. Inhibition of telomerase therefore holds great promise as anticancer therapy. We have synthesized a novel telomerase inhibitor GRN163L, a lipidFattached phosphoramidate oligonucleotide complementary to template region of the RNA subunit of telomerase. Here, we report that GRN163L is efficiently taken up by human myeloma cells without any need of transfection and is resistant to nucleolytic degradation. The exposure of myeloma cells to GRN163L led to an effective inhibition of telomerase activity, reduction of telomere length and apoptotic cell death after a lag period of 2-3 weeks. Mismatch control oligonucleotides had no effect on growth of myeloma cells. The in vivo efficacy of GRN163L was confirmed in two murine models of human multiple myeloma. In three independent experiments, significant reduction in tumor cell growth and better survival than control mice was observed. Furthermore, GRN163L-induced myeloma cell death could be significantly enhanced by Hsp90 inhibitor 17AAG. These data provide the preclinical rationale for clinical evaluation of GRN163L in myeloma and in combination with 17AAG.
Introduction
Telomeres, the specialized nucleoprotein structures, protect chromosomes ends from nucleolytic degradation, end-to-end fusion and unwanted recombination/repair. 1 The length of human telomeric DNA in different cell types varies from 500 to 3000 repeats of a conserved TTAGGG sequence. 2, 3 Normal somatic cells lose 50-100 bp of telomeric DNA with each cell division as DNA replication mechanisms are unable to copy chromosomal DNA proximal to the primase site. 4 Progressive telomere shortening in normal replicating somatic cells reaches a critical stage leading to telomere dysfunction and replicative senescence. Short telomeres can also be recognized as damaged DNA and may therefore induce either p53-dependent 5 or in the absence of p53, p73-dependent apoptosis. 6, 7 Therefore, the life span of normal somatic cells is limited to less than B100 population doublings.
The length of telomeric DNA is maintained by a ribonucleoprotein, human telomerase reverse transcriptase (hTERT), which adds telomeric repeats (TTAGGG) to the ends of human chromosomes. 8 Telomerase activity has been detected in the majority of immortal and cancer cells with unlimited proliferative potential. [9] [10] [11] Although telomerase activity is also present in some normal cells such as hemopoietic stem cells, gastrointestinal epithelial and germ-line cells, most normal somatic tissues do not have detectable telomerase activity. 12 In normal cells (lacking telomerase), telomeres shorten with progressive cell division leading to cellular senescence whereas in most (490%) cancer cells, telomerase is re-activated [13] [14] [15] and provides unlimited proliferative potential by preventing telomere shortening with each cell division. Consistent with this, the introduction of hTERT gene in human diploid fibroblasts increases their life span in culture. 16 Since telomerase activity is present in most cancers but absent or low in majority of normal cells, 10, 12 telomerase is an attractive therapeutic target. Moreover, the median telomere length in cancer cells is shorter than normal cells, 17, 18 making them susceptible to crisis and apoptosis earlier than normal cells following telomerase inhibition. A number of telomerase inhibitors have been evaluated in a variety of cancer types. [19] [20] [21] [22] [23] We have demonstrated that telomerase inhibitors including G-quadruplex interacting agents, 18, 24, 25 peptide nucleic acids and antisense oligonucleotides targeting RNA component of telomerase, [26] [27] [28] and siRNAs targetinghTERT, 29 can induce apoptosis and/or senescence in a variety of human immortal and cancer cells including multiple myeloma cells, in vitro.
In this study, we demonstrate the in vitro and in vivo efficacy of a novel and potent telomerase inhibitor GRN163L. GRN163L is a palmitoyl (C16) lipidFattached N3 0 ÀP5 0 phosphoramidate oligonucleotide, complementary to the template region of the RNA subunit of telomerase (hTR). Lipid attachment and phosphoramidate chemistry allow efficient uptake of GRN163L by human cells without need for transfection reagent and is resistant to nucleolytic degradation within the cells. GRN163L is the first telomerase inhibitor validated for clinical study, and these data provide preclinical rationale for clinical evaluation of GRN163L in myeloma.
Materials and methods

Telomerase inhibitor
GRN163L, a palmitoyl (C16) lipid-attached N3 0 ÀP5 0 phosphoramidate oligonucleotide, targeting the template region of RNA subunit of telomerase (hTR) was provided by Geron Corporation (Menlo Park, CA, USA). S7S-and GRN140833-mismatched oligonucleotides were also obtained from Geron Corporation and used as a negative control.
Myeloma cell lines
Human MM cell lines INA6, ARP, OPM1 and MM1S were kindly provided by Dr Renate Burger (University of ErlangenNuernberg, Erlangen, Germany), Dr J Epstein (University of Arkansas for Medical Sciences, Little Rock, AR, USA), Dr Edward IB Thompson (University of Texas Medical Branch, Galveston, TX, USA) and Dr Steven Rosen (Northwestern University, Chicago, IL, USA), respectively. ARP, OPM1 and MM1S cells were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum (HyClone, South Logan, UT, USA) whereas INA6, an interleukin 6 (IL-6)-dependent cell line, was cultured in RPMI 1640 medium supplemented with 20% fetal bovine serum (HyClone) and 2.5 ng/ml recombinant human IL-6 (R&D Systems Inc., Minneapolis, MN, USA). All cell lines were maintained in a state of logarithmic growth at 37 1C in humidified air with 5% CO 2 , as described previously. 18, 24, 25, 27 For RNA analysis, cultures were harvested at the same final cell density (5 Â 10 5 per ml), and processed immediately.
Uptake and time course of GRN163L retention within myeloma cells
Myeloma cells were treated with fluorescein isothiocyanate (FITC)-labeled GRN163L at various concentrations for a period of 6 h. The drug was then removed from the medium, cells were continued to grow in culture and the amount of FITC fluorescence retained per cell was measured using a fluorescence-activated cell flow analyzer (FACScan, Becton-Dickinson, San Jose, CA, USA) at various intervals. The half-life of intracellular FITC label was estimated from median fluorescence values obtained at different time points. To visualize the intracellular localization, treated cells were also examined for FITC fluorescence using a multiphoton fluorescence microscope (Bio-Rad, Hercules, CA, USA). Since FITC label could interfere with fluorescence-based assays and the ability of GRN163L to bind or inhibit telomerase, all subsequent experiments were conducted with nonfluorescent GRN163L.
Assay of telomerase activity
Telomerase activity was assayed using a fluorescence-based TRAPEZE XL telomerase detection kit (Intergen, Purchase, NY, USA). TRAPEZE XL telomerase detection kit provides a refined and fluorometric version of the original Telomeric Repeat Amplification Protocol (TRAP) assay. The kit utilizes 'fluorescence energy transfer' primers to generate fluorescently labeled TRAP products and thus allows a highly sensitive and quantitative nonisotopic detection of telomerase activity in vitro. Lysates (1000 cell equivalents) of untreated myeloma cells and those treated with GRN163L were mixed with TRAPEZE XL reaction mix containing Amplifuor primers, and incubated at 30 1C for 30 min. Amplified telomerase products were quantitated with a fluorescence plate reader. Telomerase activity (in TPG units) was calculated by comparing the ratio of telomerase products to an internal standard for each lysate, as described by the manufacturer.
Growth kinetics
Myeloma cells (5 Â 10 5 per dish) were treated with GRN163L or mismatch control oligonucleotides and the live cell number was determined weekly by trypan-blue exclusion. Aliquots of cells were removed for telomere length, gene expression and apoptosis assays, and the remaining cells replated at the same cell number (5 Â 10 5 cells per dish) and at the same concentration of the drug or control oligonucleotide. Aliquots for telomere length assay were stored at À150 1C, whereas gene expression profile and apoptosis were processed immediately.
Apoptosis assay
Apoptotic cells were detected using an Annexin V-FITC Apoptosis Detection Kit (BD Biosciences, San Jose, CA, USA). GRN163L-treated myeloma cells (1 Â 10 6 cells per ml) were mixed with annexin V-FITC and incubated in the dark for 15 min at room temperature (RT). A portion of cell suspension (50 ml) was placed onto a glass slide, covered with a cover slip and viewed immediately using a fluorescence microscope equipped with FITC (green) and PI (propidium iodide; red) filters. Twohundred cells, representing at least five distinct microscopic fields, were analyzed to assess the fraction of FITC-and PI-labeled cells for each sample. 
Gene expression analysis
Total RNA was isolated utilizing an 'RNeasy' kit (Qiagen Inc., Valencia, CA, USA) and gene expression profile was evaluated using HG-U133 array (Affymetrix, Santa Clara, CA, USA) representing B33 000 human genes as described previously. 7 GeneChip arrays were scanned on a GeneArray Scanner (Affymetrix Inc., Santa Clara, CA, USA). Array normalization, expression value calculation and clustering analysis were performed using the dChip Analyzer. The Invariant Set Normalization method was used to normalize arrays at probe level to make them comparable, and the model-based method was used for probe selection and to compute expression values. 29, 30 These expression levels were assigned standard errors based on replicates, which were subsequently used to compute 90% confidence intervals of fold changes in intergroup comparisons. The lower confidence bounds of 'fold change' were conservative estimates of the actual changes. Expression of key genes involved in DNA damage sensing, repair, cell-cycle arrest and apoptosis was analyzed.
Animals
Severe combined immunodeficiency (SCID) mice (CB-17), obtained from Taconic (Germantown, NY, USA) were maintained and monitored in our Animal Research Facility.
All animal studies were conducted according to protocols approved by the Institutional Animal Care and Use Committee. Animals were killed when their tumors reached 2 cm in diameter or when paralysis or major compromise in their quality of life occurred.
SCID-hu mouse model
Human fetal bone grafts were implanted into SCID mice (SCID-hu mice) as previously described. [29] [30] [31] [32] [33] [34] [35] Approximately 8 weeks following bone implantation, 5 Â 10 6 human IL-6-dependent INA6 cells were injected directly into human bone in SCID-hu host. Production of human paraprotein in mouse serum was monitored as an indicator of myeloma cell growth. At least two consecutive measurements of increasing levels of circulating human immunoglobulin signified human MM cell growth.
Human MM xenograft murine model CB 17 SCID-mice were subcutaneously (s.c.) inoculated in the interscapular area with 2.5 Â 10 6 OPM1 cells in 100 ml RPMI 1640 medium. Following appearance of palpable tumors, mice were injected intraperitoneally with phosphate-buffered saline (PBS) alone or GRN163L at concentrations described in figure legends. At the time of killing, tumors were excised and cellcycle profiles of tumor cells derived from control and treated mice were analyzed using PI staining and flow cytometry. Briefly, cells (1 Â 10 6 ) were washed with PBS, permeabilized by a 30 min exposure to cold 70% ethanol at 4 1C, washed with PBS, incubated with PI (5 mg/ml) in 500 ml PBS containing 10 mg/ ml of RNase for 30 min at RT, and analyzed for DNA content by Cytomics FC 500 Flow Cytometer (Beckam Coulter, Fullerton, CA, USA).
Results
Uptake and fate of GRN163L into human myeloma cells in culture
Myeloma cells were treated with FITC-labeled GRN163L at various concentrations for a period of 6 h. The drug was then removed, cells were continued to grow in culture and the amount of fluorescence retained per cell was measured using a fluorescence-activated cell flow analyzer. Intensities of median fluorescence indicate that the drug is efficiently taken up at 0.1 and 1 mM concentrations by both INA6 and ARP myeloma cells after 6 h of treatment (Figures 1a and c) , without need for a transfection procedure. To determine the intracellular localization of GRN163L, the cells treated with FITC-labeled GRN163L at 1 mM for 24 h were viewed under a confocal microscope. As seen in Figure 1b (INA-6) and 1D (ARP), the drug was efficiently taken up by both myeloma cell lines and the fluorescence was predominantly nuclear with subnuclear foci visible in many cells. An efficient uptake of GRN163L without any need of transfection reagent was also observed for MM1S cells (not shown). To determine the time course of GRN163L retention in myeloma cells, INA6 cells were treated with FITC-labeled GRN163L (1 mM) for various durations and the amount of the fluorescence retained per cell was measured using a fluorescence-activated cell analyzer. The half-life of GRN163L, estimated from median fluorescence values obtained at different time points in INA6 cells (Figure 1e ) is 37 h, not significantly different from the doubling time for the cell life, 38À40 h (Figure 1e inset) . These data thus suggest dilution of FITC-GRN163L through cell division, instead of degradation within cell.
Inhibition of telomerase activity by GRN163L in human myeloma cells
We next evaluated if the uptake of GRN163L was also associated with the inhibition of telomerase activity. We therefore treated myeloma cells with the drug at 0.01, 0.1 and 1.0 mM concentrations for various durations and evaluated for telomerase activity using TRAPEZE XL telomerase detection kit (Intergen). GRN163L at 1 mM led to a complete inhibition of telomerase activity in both INA6 and ARP cells following 6 h of treatment (Figures 2a and b) . The inhibition of telomerase activity was not seen at 0.01 mM in either cell line whereas at 0.1 mM the activity was inhibited by 460% in both myeloma cell lines (Figures 2a and b) . A complete inhibition of telomerase activity was maintained at day 5, following exposure to 1 mM GRN163L (Figures 2c and d) . Inhibition of telomerase activity following treatment with 1 mM GRN163L was also seen for MM1S and OPM1 myeloma cell lines (data not shown). To rule out GRN163L oligonucleotide binding to RNA component of telomerase after lysis of the cells, the cells were washed at least six times after the addition of drug, potentially diluting the residual-free oligonucleotide within cells by 4100-fold further upon lysis.
Growth inhibition following treatment of myeloma cells with GRN163L
INA6, ARP, MM1S and OPM1 cells were treated with GRN163L or mismatch oligonucleotides (S7S and GRN140833) and the viable cell number determined weekly. For all cell lines tested, the treatment with GRN163L led to a decline in viable cell number to less than 5À10% of the starting cell number over a period of 3-5 weeks. Treatment with the drug at 1 mM for 3 weeks resulted in cell death in 96±4% INA6, 68±4% ARP cells and 70 ± 2.7% OPM1 cells, respectively (Figures 3a-d) . Complete cell death was observed following exposure to the drug at 2 mM for all cell lines tested (data not shown). Treatment with mismatch control oligonucleotides (S7S or GRN 140833) had no effect on growth of myeloma cells (Figure 3 ).
Effect of GRN163L on telomere length
We next evaluated change in telomere length following exposure of myeloma cells to GRN163L. The effect of telomerase inhibition on telomeres of individual chromosomes was examined by Telomere-FISH analysis (Figures 4a and b) . Cells treated with GRN163L or control oligonucleotide were fixed and telomeres were hybridized to Cy3-labeled telomeric probe. The impact of drug treatment on telomeres was determined by measuring intensity of telomeric signals and number of detectable telomere in each cell. Mean telomere fluorescence intensity of interphase chromosomes was reduced by 2.4-fold in INA6 myeloma cells treated with GRN163L compared to those treated with control oligonucleotide (Figure 4a ). GRN163L treatment was also associated with reduction in number of chromosomes with detectable telomeres. Majority (490%) of chromosomes in control oligotreated INA6 cells had telomeric signal; however, following GRN163L treatment p40% of chromosomes had detectable telomeric signal, indicating complete erosion of telomeric ends on these chromosomes (Figure 4b) . A similar reduction in telomere length was also observed with other MM cell lines (data not shown).
Apoptotic cell death following GRN163L treatment
INA6 and ARP myeloma cells were treated with 1 mM GRN163L for 2 and 4 weeks, respectively, and apoptotic cells detected using an Annexin V-FITC Apoptosis Detection Kit (BD Biosciences). Following GRN163L treatment, 52% of INA6 cells and 87% of ARP cells stained positive for annexin V (Figure 4b , whereas o1% annexin V-positive cells were detected when INA6 and ARP lines were treated with mismatch oligonucleotide (S7S) (Figures 4c and d) . These data indicate that the mechanism of cell death following treatment with GRN163L was predominantly apoptotic.
Gene expression profiles following GRN163L treatment
We treated myeloma cells with mismatch control (S7S) or GRN163L oligonucleotides at 1 mM for 24 h and analyzed gene expression profiles using HG-U133 GeneChip arrays (Affymetrix) representing approximately 33 000 genes. The impact of genes implicated in cell proliferation, cell cycle, apoptosis, oncogenesis, tumor suppression, telomere maintenance, and DNA repair and recombination were examined. Of B5000 genes implicated in these important growth-related activities, the expression of only 15 was changed X2-fold relative to control cells ( Figure 5 ). The most noted were homo sapiens APG5 and deathassociated protein kinase 2, implicated in the induction of apoptosis. 
Effect of combining GRN163L-mediated telomerase inhibition with other agents
As hsp90 forms an important component of telomerase complex and hsp90 inhibitor has demonstrated activity in MM, we evaluated efficacy of combination of GRN163L with the hsp90 inhibitor 17AAG. As seen in Figure 6a , 17AAG was able to completely inhibit telomerase activity in both INA6 and ARP myeloma cells at 0.05 mM concentration. To evaluate the effect of combination of GRN163L and 17AAG, INA6 myeloma cells were treated with GRN163L at 1 mM for 7 days and 17AAG was then added to the culture at 0.05 mM. Addition of 17AAG to myeloma cells pretreated with GRN163L for 1 week led to complete growth arrest within 4 days, compared to continued growth of cells not pretreated with GRN163L (Figure 6b ).
In vivo efficacy of GRN163L
In vivo efficacy of GRN163L was demonstrated in two different murine models (SCID-hu and s.c.) of human multiple myeloma. For SCID-hu mouse model, human fetal bone grafts were implanted into SCID mice and 5 Â 10 6 INA6 cells were injected directly into human bone implanted in SCID-hu host. Production of human soluble IL-6 receptor was monitored in mouse serum as an indicator of myeloma cell growth. Intraperitoneal administration of GRN163L at 25 mg/kg (Figure 7a ) and 35 mg/kg (Figure 7b ) on alternate days led to a significant decline in shuIL6-R at both dose levels compared to control group. Additionally, GRN163L-treated mice also had an improved survival compared to control mice (Figure 7c ). Efficacy of GRN163L was also tested in s.c. murine model in which SCID mice were s.c. inoculated in the interscapular area with 2.5 Â 10 6 MM1S myeloma cells. Following appearance of palpable tumors, mice were injected intraperitoneally with PBS alone or GRN163L. Significant reduction in tumor size was observed following 3 weeks treatment with daily intraperitoneal injections of 45 mg/kg GRN163L (Figure 7d ).
Discussion
This study shows that (1) GRN163L, an oligonucleotide targeting RNA component of telomerase, is efficiently taken up by human myeloma cells and is not significantly degraded within cells; (2) the uptake of GRN163L leads to inhibition of telomerase activity and induces telomere shortening and apoptosis in multiple myeloma cells; (3) GRN163L-induced growth arrest of myeloma cells is enhanced by Hsp90 inhibitor and (4) in vivo efficacy of this agent is observed in s.c. and SCID-hu murine models of human multiple myeloma.
Although a variety of telomerase inhibitors have been shown to inhibit proliferation of cancer cells, [18] [19] [20] [21] [22] [23] [24] [25] [27] [28] [29] there has been a need of agents which are specific enough and suited for in vivo utilization in human clinical trials. Our telomerase inhibitor (GRN163L) is phosphoramidate oligonucleotide complementary to the template region of the RNA subunit of telomerase (hTR) and has a lipid moiety attached, which facilitates uptake in human cells without any need of a transfection reagent or procedure. Using FITC-labeled GRN163L, we have shown that this drug is efficiently taken up by human myeloma cells without any transfection within 6 h of treatment, indicating an efficient uptake. Importantly GRN163L is retained in the cell for a prolonged period of time and its intracellular half-life is similar to the doubling time of recipient cells (37À40 h). These data show that the observed decline in the amount of drug overtime was due to its dilution through cell proliferation, and not due to degradation.
Consistent with an efficient uptake and a significant inhibition of telomerase activity, when myeloma cells were cultured in the presence of GRN163L, live cell number declined over a period of 3À5 weeks to o5% of the initial cell number. Although in some malignancies such as cervical cancer the inhibition of telomerase induces apoptotic cell death within a few days, without inducing significant telomere shortening, 30 cell death in most cancer cells occurs after a lag period of 3À5 weeks, probably required for reduction in telomere length below critical limit. 18, [24] [25] [26] [27] 29, 31 Moreover, we observed a marked reduction in telomere length, leading to complete erosion of telomeres on a subset of chromosomes in myeloma cells following GRN163L treatment. These data along with minimal change in gene expression confirm that GRN163L induces myeloma cell death through specific inhibition of telomerase and that it does not have significant nontelomeric effects on myeloma cells. This is quite consistent with our previous observations data showing that treatment with chemical, antisense and siRNA-based telomerase inhibitors does not affect the proliferation of normal cells. 29, 31, 32 Cancer cells vary in genetic and epigenetic factors, including intracellular levels of nucleases. Therefore, the loss of telomeric DNA following inhibition of telomerase activity may not be predictable and the efficacy of the inhibitor may not necessarily correlate with median telomere length. Consistent with this we and others 22, 32 have observed that, in certain cancer cell lines including myeloma, a substantially large reduction in telomere length can be achieved with relatively shorter duration of treatment with a telomerase inhibitor. Moreover, telomeres on individual chromosomes may be heterogeneous in size. Therefore, the chromosome/s with the smallest telomeres could be lost faster than those with significantly longer telomeres and loss of one or more critical chromosomes may be sufficient to induce cell death. So overall it is uncertain whether baseline telomere length will affect clinical efficacy of telomerase inhibitor.
Although expression of some apoptosis-related genes such as 'APG5' and 'death-associated protein kinase 2' was also elevated, no change was observed in the expression of p53 or any of its isoforms including p63 and p73, which are implicated in induction of apoptosis following telomere dysfunction. 29 Similarly, the treatment of myeloma cells for a short period of 24 h did not change the expression of any of the main regulatory genes implicated in cell-cycle arrest and apoptosis such as p16, p18, TRAIL, caspases 8 and 10.
We have also demonstrated that telomere shortening and apoptosis following treatment of myeloma cells with GRN163L can be expedited with agents that may inhibit telomerase activity or affect telomeres by distinct mechanisms. Hsp90 is involved in telomerase complex formation and it actually forms a part of the complex. We have previously shown that hsp90 inhibitor inhibits telomerase activity and others have also confirmed that hsp90 inhibition prevents incorporation of RNA component into the telomerase protein structure. Additionally, Hsp90 is a molecular chaperone, required for the attainment of specific conformation, stability and proper functioning of a variety of cellular proteins including telomerase 33 as well as several other proteins implicated in DNA damage repair and telomere maintenance through alternate pathways. 34, 35 The rationale for combining Hsp90 inhibitor with GRN163L was to first initiate the destruction of telomeric DNA in cancer cells by treating with a specific inhibitor (GRN163L) and then expedite the degradation of vulnerable telomeres by giving a brief exposure to an agent, which may significantly expedite the destruction of already eroding telomeres through different mechanisms. We chose Hsp90 inhibitor as potentially it could Figure 6 Effect Hsp90 inhibitor 17AAG on GRN163L-induced MM cell death. (a) INA6 and ARP myeloma cells were treated with 17AAG at 0.05 mM for 24 h and telomerase activity in lysates (1000 cell equivalent) was assessed using TRAPEZE XL Telomerase Detection Kit, as described above; (b) INA6 myeloma cells were treated with 1 mM mismatch control oligonucleotide or GRN163L for 7 days and the cells in each treatment flask were then divided into two aliquots. Cells were then cultured either in the presence of GRN163L or mismatch oligonucleotides alone or with addition of 17AAG at 0.05 mM. Live cell number was determined at different time points by trypan-blue exclusion.
induce a more complete inhibition of telomerase activity, prevent alternate pathway of telomere maintenance, inhibit the repair of eroding telomeres by DNA repair and recombination proteins, and could possibly affect the stability of telomere stabilizing proteins. Here, we show that 17-AAG in combination with GRN163L, significantly enhanced the cell death. This data provide further rationale to combine GRN163L with other agents able to affect telomere shortening or genomic integrity to significantly expedite tumor cell killing.
Finally, we demonstrate the in vivo efficacy of GRN163L in two murine models of human multiple myeloma. In independent experiments using SCID-hu murine model, as well as SCID mice bearing s.c. tumors derived from human myeloma cells, treatment with GRN163L reduced tumor size as well as improved survival.
These preclinical data showing that GRN163L is a potent and specific telomerase inhibitor, provide the rationale for clinical evaluation of GNR163L in patients with relapsed multiple myeloma.
